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Im/vinr clcchophoresis wan used to examine genetic variation within und between three

of the four principal parrot Upw of ihs Crimson Rosella Pt&tywFctte P/tfj9fflM coniptf* of

eastern Australia Comparisons were made with the results of recent studies of oilier birds,

mainly Northern H^miscpheic member, ol the Order Passei it'oi nu-s in which it has heen shown

thai ulthcmfth population.-. Of birds show levels of vaiiation in isozyme* comparable with fllOSfl

m Other vertebrates, levels of iso/vnm- differentiation and thus structural gene dilTerentiulion

helween bird la\a arc unusually low The dula from rosellas, which belong to th< Ot4c\

I'sitlaeilonnes. although necessarily limited and iheictorc ffittifewhfll eqmvnL.d with respect

10 these generalizations, nppettr lo be consistent with them, especiallv the former No sieuiltcani

or consistent, vcogiaplueal |>:ulerns of gene frequency differences wve detected among lltr

rusrllas studied.

Kiv Woki»s: Birds. eleclrophoicMv population genetics, Phuxcm-us cUytw\

Introduction

l-our principal parrot la.sa comprise the

I nmson Rosella Pin/ycercns elegatiS complex

in eastern Australia fSCC Fig. la and I'orshaw

1981, for details ol* babitnt and distribution").

One, the Crimson Rosella P eletyins, ranges

south from the Atherton Tableland, Queens-

land, idonc Australia's eastern coast to south-

eastern South Australia with an isolated popu-

latiOll on Kangaroo Island- Adults arc pre-

dominantly crimson, immature* green, A
second, the Yellow Rosella P ftavadas, is con-

tined to the Murray-Darling river system. In

general, the crimson in the plumage of P

tegttttX is replaced by yellow in tliis form

lo the Mt l.ofty Ranges and southern Flin-

ders Ranges there occurs a third form, a sciics

of populations all of which arc variable in

flOUt but intermediate between P. cltuaiis

and P /laved/us I hoc are collectively termed

ijCfP the Adelaide Rosella ft adeUiidac. There

fr clfnafl variation in plumage in P. adckndtic,

particularly on the ventral surface (Torshaw

1981). In the southern Mi Lofty Ranges adulh
.', -encrnlly, rich scarlet. Northwards. 1hey

become progressively lighter and more orange.

Populations [fl ibo Hinders Ranges are pre-

dominantly yellow vend ally but usually have n

strong wash of orange. The fourth member oi

the complex, the Grceu Rosella P. cntc-

donicus of Tasmania and the larger Bass-

Strait islands, was not included in this study.

There has been considerable debate over the

i rl.it ionships and tavonomie status of these

parrots. Condon f L954J proposed that P.

adehddnc evolved through hyhridi/alani

between P. rlcguns and P. fluveohts. This is

invested by the intermediate colouration of

P. adchudae t sec also Marlindale 1 974\
Foishaw f98Lh Also, ITic soulh-norih clinc in

colouration of P. adclaidac fe most simply

explained perhaps as having arisen through

mtrogression of P. thtvc<dit\ genes Prom Ihc

north and P dentins genes from the south

ff so, this would afford further support for

some previous hybridization. Cam UV55) and

Keast (l°rilK on the other hand, suggested

that the members n\ the complex evolved in

situ in response lo climatic changes,

1 wo generalizations have emerged from

recent electrophoretic studies of genie variation

in birds. Firstly, populations of birds dc not

dilfcr significantly from those of other verte-

brates in levels of williin-population variation

Secondly, there seems to be considerably loss

geme differentiation between bird laxa than

' llvpjrimcnr of GenttM-s University ol Adelaide,

OlKO Bo* 4'JK. Adelaide S. Aiisi M>01.

M.irtindale. J. (19741. Some ceogcnelic rel.i-

miiiships and their origins in plat\c\ i cine ftncckt

complex (Older Hsirtacif'Tine'-. C a^5 ^ - oi

south-c etci n \UMlaliO, Itniiuiir. Theyi», Depail-

mum Of GfiMfftiOS and Human S'm i.uiun, Lm
tioht- University, Victoria. Uupuhl
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between taxa of other vertebrate classes at

equivalent levels of the taxonomic hierarchy

(see, for example, Avise & Aquadro 1982 and
references therein and an alternative view
offered by Sibley & Ahlquist 1982).

These generalizations have grown largely

out of studies of passerine birds. Concerning
Australian species, data are at present available

only for the Grey-crowned Babbler Pomatos-
tomus temporalis, a communally breeding
passerine, and from some species of the pas-

serine family Hirundinidae (Johnson & Brown,
1980; Manwell & Baker, 1975). Thus, the

present study of non-passerine birds aimed (1)
to measure levels of electrophoretically detec-

table genie variation between and within some
members of the Crimson Rosella complex,
and (2) to compare them with such levels

measured in other birds and vertebrates in

general.

Materials and Methods

Collecting Procedures: Specimens of rosellas

were collected under a permit from the South
Australian National Parks and Wildlife Service.

Within an hour of death, samples of liver,

heart muscle and breast muscle were extracted

for electrophoresis and transported in dry ice

to the laboratory where they were stored at

—20° C. Specimens were sexed by dissection

and aged as adult or immature from plumage
(Lendon 1973). Stomach contents have been

preserved and the birds have been prepared

as voucher study skins and lodged in the

South Australian Museum, Adelaide. The col-

lecting localities are shown in Fig. lb.

Adelaide Rosella P. adelaidae: 59 specimens

were collected to sample P. adelaidae as evenly

as feasible throughout its range. They were

collected in six geographical sectors : S,

extreme southern Mt Lofty Ranges =

P elegans

l_

P flaveolus

P adelaidae

i

R elegans

P caledonicus.
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Fig. 1. (a) Approximate distribution of members of the P. elegans complex in eastern Australia, (b)
Localities and sample sizes collected for this study; letters are the abbreviated names of each
sample.
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Heuricu Peninsula ( 10 specimens); R,

southern central Mt Lofty Ranges between

Ashbourne and Meadows (9); Ma, lower

Marne River and environs (9); M, northern

irniral Mt Lofty Ranges between Kapunda
and Saddlcworth (10); C, northern Mt 1 .of ry

Ranges between Auburn and Clare (II); and

F, southern Minders Ranges between James

town and the Dutchman's Stern (10), No
more than three specimen* were taken from

one locality within these sectors with the

exceptions of 15 km NR of Saddlcworth and

the Dutchman'* Stern. Sample F was taken

over a larger area than the other samples

because of (he logistic difficulties involved in

samphnp the Flinders Ranges birds and

because it was intended to treat these birds

as a distinct sub-population Of P. adchiklac in

subsequent dntn analyses.

Crimson Rosella P. elegant: six specimens

were taken from four localities at; the western

end of Kangaroo Tsland, In addition, the livers

of four from the South-EasJ of S.A. and of six

from the Athertou Tableland, Qld were

examined. Voucher specimens of the latter

two samples are held in the Australian

National Wildlife Col'ection, Canberra.

Yellow Rosella P. floveolttt; live specimens

from near the Murray River between Barmera

and Waikenc wore examined.

Other :-.pecaV. organ e\tnct.v were obtained

from the parrot genera Banmrd'tm and

l*\i'photu\\ both of which arc closely related

to PkttyCffVCUS (Cain IM.S5) and of a more
distantly related bud. a pigeon. Details of

ihcw MEas follows: tfre exotic Spotted Turtle-

Dovc StreptopeUa cWWmft (one iudividual,

tiver only, collected in grounds of University

ot Adelaide), Mallee Ringncck Parrot Bwnar-
,////v barnardi (two, liver and heart muscle,

near Swan Reach). Mulga Parrot Psephotus

iwu/.v (one, liver and heart muscle. 0681 Swan
Reach), Red-rumped Parrot Psephofus- Itaema-

tonotuv (one, liver only, near Mannum). The
availability of these samples made possible

genetic comparisons between the members ot

the P. dedans complex and other species.

Electrophoresis: Electrophoresis was carried

out on cellulose acetate gels (Meera Khan
1971) following procedures of Bavcrslock of

al. (1 ( >77), When electrophoresis revealed two
forms of an enzyme (manifest as distinct sets

of bands), the presumptive- locus encoding

the most anodat form was designated I and
(he other 2 e.g. hlh-l, ldh-2 for isocilratc

dehydrogenase. The presumptive allele encod-

ing the most anodally migrating product of a

locus was designated o, the second most a nodal

h and so on. In one case. P^ul. b indicates an

allelic form of the enzyme intermediate in

mobility between P#tfa and P$4*

Table I shows the enzymes assayed and

the organ and electrophoresis buffer used for

each enzyme, In all, nine enzymes were elec-

trophorcsed and choice of these Was not

entirely random, being determined partly by

which enzymes were under investigation in the

laboratory tor other projects. Aconitase was
examined to test a hypothesis of sex-linkage

in birds fsce Bavei stock ei al. 1982 r

The symbols used to represent ihe locus or

loci corresponding with each enzyme arc

6-phosphogluconate dehydrogenase. Pgdl

purine nucleoside phospfiOTylase, /VT: adeny-

late kinase, Ak-h Ak-2, pbosplioglucomutase,

Pgmi ttoedtate dehydrogenase, hih-l , hlh-2\

TABLE l. Enzymes assayed and hufjus and <ir%ain fa .c J for cUctrufitiar&ti

Enzyme BufTcri Organ-*

& Pli<tHphi>gluronale dehydrogenase
I'u line nucleoside phosphorylase
I'vMivMtc kinase

Adenylate kinase

Pliosphoyjucornulasc

(socitrau: dehydrogenase
Aconiusc
Glucose phosphate isomer ase

CnUunUltC ovoloacctalc transaminase

B +-NADP" I-

\ L
G 1 . H
B L
C L
B ! NAD? IH
B 1. H
fj

t

H 1

0.0I Buffer rode.: A -O.ui M curate-phosphate, pH 6.4; p—(MB M plu^phaie, nH 7.0. C
M nis-maleatc, pit 7.S; D— 12 M tris-glycine, pit 9 5

II

Qrean code. L —liver, H heart.

1 NADP intlicaies dial 600 /'' $ NADP (10 ma ml) were added to the buffer placed >•< '"-

cathodal compartment and in winch the gel war, soaked.
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aconitase, Acon-1, Acon-2; glucose phosphate

isomerase, Gpi, glutamate oxaloacetate trans-

aminase, Got and pyruvate kinase, Pk.

Analysis of data: The proportion of poly-

morphic loci, P, was calculated directly using

two definitions of polymorphism: one where
the most common allele had a frequency of

less than 0.99 and the other where this fre-

quency was less than 0.95.

The average heterozygosity per locus, H
(see Nei 1978), was calculated as:

H= *-
r

where r is the number of loci scored, and h
is the expected heterozygosity at each locus,

calculated as 1 —Xj where X; is the frequency
of the ith allele at each locus.

Standard errors of H estimates have been
discussed by Nei (1978) and Nei & Roychoud-
hury (1974), who concluded that it is more
important when estimating H to screen many
loci in few individuals rather than the con-
verse. Gene frequencies were compared with

t-tests and Fisher's exact method. So that

comparisons could be made between P. elegans

or P. fiaveolus on one hand and P. adelaidae

on the other, the P. adelaidae data for each
locus were pooled, their homogeneity first being

assessed by the method of Hancock (1975).

Heterogeneity was detected only for the data

from pyruvate kinase, which were accordingly

not used in such data analyses.

Results

Electrophoretic Typings and Isozymic Varia-

tion within P. adelaidae

Tables 2 and 3 present the results of elec-

trophoresis and Table 4 presents measures of

genie variation within the rosellas and in ver-

tebrates in general. The standard errors of the

rosella H estimates are relatively large, e.g.

approximately 0.05 for the H estimate of

0.104 in P. adelaidae (see Nei 1978). The
estimates are, therefore, only coarse approxi-

mations. The data for Pgd, Np, and ldh—2,

the most variable loci, showed P, adelaidae to

Table 2. Numbers of individuals of indicated genotypes in population samples of the P.

elegans complex. In samples of P. elegans itself, KI = Kangaroo Island, SE = South-East of
South Australia, and A = Atherton Tableland, Qld. For brevity, genotypes are represented
thus: at an indicated locus e.g. Pgd, a/a designates Pgda /Pgd a

. Wholly invariant loci are
omitted. Heart samples for typing of Acon-2 and Idh-2 not available for samples SE and A.

Genotype
P. elegans

Kl SE A P. adelahh P. fiaveolus

Pgd

Np

a/a
a/b
b/b
h'/c

b/c
c/c

a/a
a/b
b/b
a/c

10

39
1

8

1

29
23

5

2

Ak-1 a/b 1

b/b 6 4 6 58 5

Ak-2 a/b 1 1

b/b 5 3 6 59 5

Pgm a/b 1

b/b 6 4 6 58 5

Tdh-1 a/a
a/b

1

2
b/b 6 4 59 5

Idh-2 b/b
a/c
a/b

5
2
1 1

a/a 6 48 4

Acon-1 a/a 1

b/b 5 57 5
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Tabu: 3. Numbers of individuals of indicated genotypes in population samples of P. adelaidae

thsignatal S, A\ Ma, A/, C and F (see text)'. Genotypic symbolism as for Table 2, Wholly
invariant loci are omitted.

Sample
Cienotype S R Ma M c F

Pgd a/b 3 4 2 1

h/h 8 5 6 5 6 9
b'/c 1

b/e 2 3 1 2
c/c 1

NP a /a 6 6 3 6 1 8

a/b 1 3 5 3 8 2

h/h 2 1 1

a/c l 1

Ak-I a/b 1

h/h 10 9 9 9 11 10

IVll. a/b 1

h-h 10 9 9 10 11 9

Idh 2 c/a
b/c

2

I

c/c 7 7 6 10 8 10

TAiti.r, 4. Values of P, the proportion of polymorphic loci, and //, the average heterozygosity

per locus, obtained in the P. eleeans compltx. Values for Vertt-brata and Aves arc from
Nevo (1978).

P H
Loci t\Teq. of most common allele

laxon scored <0.99 <0.95

P. adelaidae 10 0.3 0.3 0.104
/* elegant

Kanuaroo Island 11 0.18 O.l* 0.07

South-East 8 0,375 0.375 0.137

Atherton Tableland x 0.125 0.125 0.05

P, flaveoius 11 0.27 0.27 0.102

Vurtebrata — 0.173 +0.119 0.0494
1 0.0365

Avcs

—

0.150 ±0.1 11 0.0-173

±0.0360

be in Hardy-Wembcrg equilibrium (Pgd.

;\H 0.74, 0.7>P>0.5; Np, x( - 0.025, 0.9>

P>0.8; Idh-Zi x| - 2.16, 0.2>P>0.1).

Two detected alleles were unique to P,

edeqans and six to P. adelaidae (Table 2).

None occurred at frequencies significantly

higher than zero except Pgh& in the com-

parison of the Flinders Ranges P. adelaidae

sample with all other samples of P. adelaidae

pooled together.

Comparisons of Gene Frequencies

Even allowing for the small sizes of the

samples, significant differences in gene fre-

quency were lew, especially between P. elegant

and P. flaveohts. Athcrlon Tableland P- eleeans

despite its geographical isolation, differed

Significantly from P, flaveohts and the other

P. elegans samples only in gene frequencies at

Ihe ldli-l locus. South-East P. elegans showed
no significant differences from P. flaveoius.

One significant difference between South-East

and Kangaroo Island P. elegans was detected

at Np. The six samples from Kangaroo Island

all lacked the Npb and, as well, the Pgdc genes

found in P. flaveoius and South-East P. elegans

and also the fdh-2 h gene found in P. flaveoius

and P. adelaidae. Only for Nph in the Kan-

garoo Island P. elcgans-P. flaveohts compari-

son was such a difference significant (P —
0.043).

Pgd' A occurred at a significantly higher fre-

quency in Kangaroo Island P. elegans than in

P. adelaidae samples, S, Ma and F and all P.

adelaidae samples pooled, and was greater

also in P. flaveoius and sample M than sample
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S. Np' A occurred at a significantly greater fre-

quency in Kangaroo Island P. elegans than in

P. adelaidae samples Maand C and all P. ade-

iaidae.

Within P. adelaidae, significant differences in

gene frequency were few and showed no con-

sistent geographical pattern. The Flinders

Ranges sample of P. adelaidae differed signifi-

cantly from other P. adelaidae samples pooled

only for Pgm (0.05>P>0.02).

Enzyme Expression

The enzyme products of Idh-1 and Acon-l
were strongest in liver extracts, while those of

Idh-2 and Acon-2 were strongest in heart

extracts. Avise et al. (1980) noted the same
difference for Idh loci in North American
thrushes and their allies. Wholly or largely

invariant enzymes were both glucose- and non-
glucose metabolizing.

Discussion

Although breeding studies in rosellas have
not been conducted to test the mode of inheri-

tance of the proteins examined in this study,

Mendelian inheritance has been assumed
because:

(i) the proteins examined display Mendelian
inheritance wherever studied in other organisms

(see, for examples, Harris & Hopkinson 1976);
and

(ii) population data satisfy Hardy-Weinberg
expectations such as to render unlikely any
other mode of inheritance approximating
Mendelian expectations.

Thus, the isozymic data obtained in this

study may be used to discuss genetic relation-

ships and variation.

The sample sizes used in this study, par-
ticularly those of P. elegans and P. flaveolus
were rather small. Baverstock et al. (1977)
have shown nonetheless that such samples can
be adequate to indicate relationships in elec-

trophorctic studies, although they did not
negate the desirability of having larger

samples, especially for studies of within-popu-

lation variation.

The genie variation measured in the rosellas,

genically limited though it is, is consistent with
evidence that levels of genie variation in birds

are much the same as those in other verte-

brates. Similarly, the paucity of genie differen-

tiation between the rosellas may support the

concept that in birds morphologically quite

different taxa exhibit relatively less structural

gene differentiation within an Order than do

other animal groups. Consistent with this were
the observations of alleles shared by the parrot

genera Bamardius, Psephoius and Platycercus.

Nevertheless one should note that although P.

elegans and P. flaveolus appear quite different,

there could be a simple genetic basis to their

plumage differences. A full discussion of the

concept of weak structural gene differentiation

in birds is not intended here; the reader is

referred to the reviews and alternative opinions

presented by Sibley & Ahlquist (1982) and
Avise & Aquadro (1982).

If sampling in P. adelaidae has been com-
prehensive, the evolutionary and genetic signi-

ficance, if any, of 'unique' alleles in P. ade-

laidae shall remain obscure until more exten-

sive samples of P. elegans and P. flaveolus are

collected. Bearing in mind the possibility that

P. adelaidae evolved by hybridization, we
would note that the phenomenon of 'unique'

alleles in hybrid populations has been observed

previously and discussed bv Goldine and
Strobeck (1983).

Some of the differences in gene frequency
between Kangaroo Island P. elegans and other

populations may be due to stochastic effects.

This population has been isolated for some
10 000 years (Lampert 1979).

Four presumptive pyruvate kinase hetero-

zygotes (double-banded) were detected in

liver extracts of P. adelaidae. Heart extracts of

three of these individuals were found to be

single-banded. Possibly, pyruvate kinase is

modified in the liver, producing a secondary
band on gels, thereby creating a false impres-

sion of heterozygosity in homozygotes. Alter-

natively, a gene for pyruvate kinase may be
'switched-ofT in the hearts of rosellas hetero-

zygous for it. Extracts from other organs and
analysis of data from parents and their off-

spring would resolve this anomaly. Almost
certainly, this difference explains the statistical

heterogeneity in the P. adelaidae data for

pyruvate kinase.

Relationships in the P. elegans species-group

As noted above, Cain (1955) and Kcast

(1961) suggested that the members of the P.

elegans complex evolved in situ in response to

climatic changes. Alternatively, Ford (1977)
proposed that P. flaveolus originated in the

Mt Lofty Ranges while isolated from P.

elegans by arid country in the region of the

Coorong during an arid part of the Pleistocene.

According to this interpretation, P. flaveolus

moved northwards into the Flinders Ranges
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and eastwards to the Murray Darling system

when thb barrt r hroltc d&wn, whtfe /v e/o,-,

moved wc.-.iwaub, and ffcelj hybridized wii

V flave&lw in the Mt Lofty Ranges, producing

p ,t<l<!«i<t<ir Alfhou
:
;b Ford (1077) was able

to Miggost dates lor these proposed pveotg

from geological dsUt, "in- ol his postulate*,

n:mu ly thfll Ol Hinders KanLVs P. adrluidae

being isolated by seventy kilomcircs from

other populalions ol /*. bdlltiklite 10 I ho soiith.

appeals lo he exaggerated. Any 'isolalmn of

this population can bC by no irtO/C than thirty

to lorty kdomelrts. Moreover, it Is unlikely

to be- permanent owing to Ihe vagilitv ol

roscllfts combined with the existence of habitat

corridors, and has undoubtedly bctti promoted

by, if it is not entirely consequent upon, agfi

cultural clearing or veg<?tatfon Lb [he northern

Ml lofty Ranges within the last 100 y. .

>

Thus, given the likelihood of uene flCW

through fell populations nf P. adeiutdne. the

mechanism of the miiirocnancc of ehnal

plumage variation in P, tuleluuhh' remains

problematic. Neither Hardy-Wen-I
I %

equilibria nor regression and correlation

analy-es suggested that StfOftg selection dif-

ferentials act ON cIccttdphtnTtfc characters in

/*. adciohlux' The existence of sonic measure

of selection is suggested by the clinal varia

lion oi plumage itself and by the Pgm and

itlli-2 eenc frequency dWcrctififiS between

Ihc Flinders Ranye and other P fuleiaidaf

samples.

( oncerninjt Ihe relationship between P
r nhn Dnd P. adetwdtie, Short ( 1969)

arinicd thai it should be determined whether

the two overlap with only some hybridization

or with e\ tensive hybridization; the former

si

i

tuition would indicate effective reproduc-

tive isolation, ihc latter conspccihYity. Unfor-

tunately* the observations and chums of

London f 1971) tirnl C iftdo ' VMS ~

concerning over hip between the two

adequate supporting evidence Prcscnt-day

I

-.\ ..idi/alion between them or, more specifi-

cally, in' roun>sion of P jluvcolus ecu^s mle
P. adrlaidiw is suggested by the fttfft-3 daia.

tdh~2 b was not detected in P ekf.;an\ hut if

Eft
,". fiovt-ohts aftd several sample- of P.

t;<uiui<la<
_ including that taken ffotn ihe M.imc

Ri\er region where /'. adrlan!nc and P.

//yoro///v arc perhaps closes) (unpubl, data)

More material would be useful in evaluating

(his und any oiher interpretations

Ovciall, the yciuc data unheal e a close tela-

tlOrXhip between the three roscltBS studied but

at pa-sent Ih'.v atffi insufficient lo delermme
With »:cr taintv whethei the birds constitute a

jingle biftlOgiCftl species, 'there is: scope for

rWUCh tuithci work on fhe group. Ihe

mechanism and maintenance of Ihe clinal

variation in, and tbc significance of 'unique*

eencs in /'. (idvliiirhtr could be clarified With

nuirc extensive field and laboratory analyses.

Also, the relationship of /'. calctnloniati to

thC other members of the complex warrants

Investigation as does a (i)nch clOflci examina-
tion iif Ibe genetic relalionships between Efe]|

die members. A karyntypic analysis may
pr..v\- uscfuli specially tn test further the

hypothesis ol a hybrid ongln of /' ad'fttitfne
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